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Introduction
Many natural and technological systems-cellular networks, human language and societies, communication networks-exhibit structures and behaviours that are, in some fashion, organised [1] [2] [3] [4] [5] [6] [7] [8] . While the precise details of each system's structure differ, certain topological features, such as feedback loops and hierarchies, appear in a variety of contexts [9] . Despite the presence of these recurring patterns, the organisation of these systems is not simple and their global structures resist concise description [10] . Evidence suggests that the structure of complex systems has implications for their functional properties, such as robustness and flexibility [11] . An important goal is therefore to untangle the relationship between a system's structure, dynamics and functional behaviour. A first step towards this goal involves characterising the complex structures that systems exhibit and identifying their origins.
Complex systems are typically not spontaneous assemblies of disjoint components; rather, they grow and unfold according to the dynamics of some generative process, operating in the context of the system's local environment. For example, an organism's morphology is a result of chemical and genetic processes taking place within cells, direct interactions between neighbouring cells, and chemical signalling between distant cells [12] ; language competence arises as a product of learning mechanisms operating within a language community [13] ; and the structure of the internet has evolved via a set of socio-technological growth mechanisms [1, 14] . The generative pro-3 cesses responsible for producing complex systems can bias the range and type of structures that are observed [15] [16] [17] [18] .
Efforts to analyse the growth of complex systems are complicated by the fact that more recent structures tend to overwrite older structures, leaving little record of growth patterns. One class of complex biological system for which we do have rich data sets is nematode development. The developmental trajectories of several nematodes, such as Caenorhabditis elegans, are invariant and have been mapped in considerable detail in the form of cell lineages [19] [20] [21] [22] . A cell lineage is a schematic representation of a developmental process that describes the ancestry of all cells generated during an organism's development in terms of patterns of division and differentiation events. A notable feature of the C. elegans cell lineages is its complex topology: cells of a particular type are distributed throughout the various sublineages, while any one sublineage can contain multiple cell types. Upon mapping the cell lineage, Sulston concluded that "the assignment of cell function follows certain broad rules to which there are numerous exceptions" [22] . The extent to which nematode cell lineages can be accounted for by a surprisingly small set of rules has since been revealed [23] . However, a clear understanding of how to describe and account for the organisation of cell lineages remains elusive. Some features will surely be the result of selective pressures; however, others may emerge from the intersection of biases and constraints operating on the developmental system.
In this paper we introduce an analytic tool, developmental motifs, that provide a novel perspective on the relationship between generative processes and cell lineage topology. We build upon the concept of network motifs: the "recurring, significant, patterns of interconnections" observed in a variety of complex networks [9, 24] . Network motifs were introduced to reveal patterns of meso-level structure in complex networks. By analogy, developmental motifs are the repeated topological patterns that occur in lineages. In the context of cell lineages, motifs represent patterns of growth, rather than patterns of structure, and enable us to quantify the extent to which a lineage is regular or random across multiple organisational scales.
Developmental motifs, together with their application to cell lineages, are described in the following section. As a proof of concept, we use developmental motifs to analyse the cell lineages of C. elegans and related species, revealing the presence of a broad distribution of motif frequencies. We then use a suite of computational models to explore the role that generative biases and contextual constraints play in shaping the topology of cell lineages. While focusing here on cell lineages, we also recognise the presence of treelike organisation in other complex systems, such as phylogenetic trees [25] and linguistic structure [26] . In other domains it may be appropriate to consider motifs that are n-ary, rather then binary, trees; however, the general principles of the approach remain valid. The C. elegans hermaphrodite consists of 671 cells at hatching, and has a complex topology. Critical events during the first few cell divisions establish well-characterised sublineages that display modular and recursive patterns: cells of any one type are distributed throughout the various sublineages, while any one sublineage can contain cells of multiple types. [22, 23] .
We computed the 3-motif profile of the C. elegans lineage, revealing a heavy-tailed distribution (Figure 3 (such that isomorphic motifs were merged, Figure 4B -crosses). We also computed the motif profiles of two other nematode lineages, Pellioditis marina [19] and Halicephalobus gingivalis [20] ( Figure 4C ). In all cases, while minor differences were observed, the general shape of the motif profile is preserved.
4 Generative models of cell lineage develop- and related species distinctive? Consider that any ensemble of randomly chosen 671-cell lineages will exhibit a motif profile with some characteristic distribution (a "null profile"). This null profile will not be uniform, as the occurrence of motifs is not independent, and some bias will arise from the constraint on cell number. For example, the proliferating 3-motif (labelled A in Figure 3 ) will be overrepresented in most large lineages. Furthermore, as motif depth increases, the number of possible motifs scales as a double exponential (see Appendix A), making it increasingly unlikely that every possible motif will be represented.
The approach that we take to identifying a suitable null profile is to consider the profile resulting from a minimal generative process: a stochastic model in which each cell division is an independent random event [27] .
The model is described fully in Appendix B and Figure 5 shows an example stochastic lineage. We used this model to create an ensemble of 1,000 lineages, each containing 671 terminal cells.
Lineages generated by the stochastic model contained a greater diversity of topological patterns than the C. elegans lineage: for motif depths greater than three (d > 3), each stochastic lineage required significantly more motifs to describe than the C. elegans lineage ( Figure 6A ). Given the rapid increase in number of possible motifs as motif depth increases, the probability of observing repeated motifs by chance decreases. The appearance of such repeated motifs in the C. elegans lineage therefore suggests a greater level of topological regularity compared to stochastic lineages of an equal size.
A dynamic regulatory network model of development
What is the source of this regularity in the C. elegans lineage? Research into morphogenetic pattern formation has shown that complex but regular patterns can result from relatively simple developmental mechanisms [12, 28, 29] .
One important developmental control mechanism is the gene regulatory network in each cell [30] . To investigate the extent to which such developmental mechanisms can account for lineage regularity, we created a second ensemble of lineages using a generative model in which patterns of division were governed by the behaviour of a dynamic regulatory network.
The model gene network used to create developmental lineages was based on a dynamic recurrent network architecture [31, 32] that has been widely used to simulate the dynamics of gene expression [33] [34] [35] and the creation of artificial cell lineages [16, [36] [37] [38] . The dynamic regulatory network and genes, is much more complex than the networks used in our simulations, and that different subnetworks might operate in different sublineages. Another possible explanation is that the gene network is not the only force shaping the cell lineage topology. Consider that the development of C. elegans is subject to specific spatial and temporal requirements, both globally-embryonic development must be completed inside the boundaries of the egg, before it hatches-and locally-all gut cells must be co-located within the embryo, for example [22] . In this section, we explore the possibility that some of the ways in which the C. elegans lineage departs from the stochastic and developmental models systematically reflect the influence of these spatio-temporal constraints.
A temporal constraint on the duration of development
A notable feature of nematodes is the speed of their embryonic development, possibly selected to reduce the duration of this vulnerable period, or to allow rapid colonisation of ecological niches [19] . The two most frequently observed motifs in the C. elegans profile are the proliferating motif, in which none of the four terminal cells differentiate, and the terminating motif, in which all four terminal cells differentiate (motifs A and B in Figure 3) . The high frequency of these particular motifs is a consequence of the inherently proliferative nature of early C. elegans development [22] . We therefore investigated the effect of a temporal constraint on the duration of development, as reflected by cell lineage depth.
We added a temporal constraint to the stochastic and developmental models described above by scaling the probability of cell division events to be inversely proportional to the depth of the cell (described in Appendix B; Figure 6B ). While the generated lineages are not identical to the C. elegans lineage, they share a common distribution of topological regularity across multiple scales.
Discussion
In this paper, we have demonstrated how the concept of motifs, originally used to analyse system structure, can also be applied to patterns of dynamic behaviour; here, the cell lineages arising from biological development.
Analysing structures in terms of developmental motifs enables us to characterise the extent to which an system's organisation is regular or random. The motif profiles of C. elegans and related species are heavy tailed: Much of their structure follows a regular pattern; however, the exceptions to this pattern are not random and independent, but exhibit regularities of their own. We suggest that the distribution of motif profile sizes across motif depth ( In contrast, developmental lineages (those generated by the dynamic network models) exhibit only a small increase in motif diversity, reflecting the inherent regularity of a deterministic production system. The C. elegans lineage has greater topological diversity than the developmental lineages, but retains more repeated structure than the stochastic lineages, across a range of organisational scales.
We further demonstrated how relatively straightforward modifications to our basic models, reflecting the influence of spatial and temporal constraints, could lead to lineages sharing a similar topological signature to that of C. elegans. This similarity suggests that while some features of the C. elegans lineage are almost certainly the result of selection for adaptive morphologies or behaviours, others may be explicable in terms of the intersection between generative bias and contextual constraints. Understanding the range of lineage topologies that occur in the absence of selection is important because it provides us with a sense of the raw material available for evolution to act on.
Strong conclusions cannot be drawn on the basis of three samples, but they do provide a proof in principle of the approach and support our prediction that generative factors play a role in lineage topologies. Validating the significance of these regularity signatures will require comparison across the cell lineages of a wider range of species. Unfortunately, data for such a comparison is not currently available, although the development of new techniques for lineage mapping promises to extend the range of species for which it is possible to obtain cell lineage data [39] [40] [41] . In addition, recent technological advances in assaying patterns of gene expression in the C. elegans lineage raise the possibility of developing predictive gene network models that will further enhance our understanding of the relationship between developmental gene networks and lineage topology [42] .
As mentioned above, the evolutionary relationship among species and grammatical structure in linguistics are also commonly represented as trees.
Furthermore, phylogenies and languages are also systems whose structure is likely to have been shaped both by intrinsic dynamics and external forces. 
Non-oriented motifs The number of non-oriented motifs of depth d (for 
B Lineage models B.1 Stochastic lineage models
A stochastic lineage with C terminal cells is created as follows:
1. Begin with a single cell c 0 .
2. Choose a terminal cell c uniformly at random; with probability p δ , append two child cells to c: 3. Repeat step 2 until the lineage contains C terminal cells.
B.2 Developmental lineage models
A network consists of two input nodes (providing contextual information to a cell), N regulatory nodes (each with K connections to other regulatory nodes), and one output node (used to control cell division). The activation of node i at time t, a i (t) is given by 2. For the current terminal cell c, update the activation of its network as described above.
3. A cell c divides if the activation of its division node is below p δ : 
